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Synopsis
The status of the research programme on air-sparged hydrocyclones at the University of Utah is 
presented. Fast flotation of coal, oil shale, and copper porphyry ore has been demonstrated with 
capacities far exceeding those of conventional flotation cells. In addition to the performance 
characteristics of the air-sparged hydrocyclone, fluid-flow phenomena are reviewed and cost-analysis 
data are summarized.
INTRODUCTION
Froth flotation is of vital, Worldwide importance 
for the processing of mineral resources, and now 
in the United States the installed flotation-plant 
capacity approaches 2 000 000t/d divided almost 
equally between sulphide and non-sulphide flotation 
plants. Table 1 presents the U .S . flotation-plant 
capacity for many commodities during the past 
decades, and it is interesting to note that the major 
commodities, from a tonnage standpoint, represent 
each of the well-known flotation systems: sulphides, 
oxides, salts, and fossil-fuel minerals. The signifi­
cant increase in non-sulphide flotation-plant capacity 
during the past two decades is evident. In general, 
this growth has been observed Worldwide.
TABLE 1
Flotation-plant capacity in the United States
M in eral
com m od ity
C ap acity , t/d
1960 1970 1980
C opper 168 200 270 000 215 500
C o p p er -m o ly b d en u m 297 500 265 000 622 000
Z inc 28 400 27 100 27 200
L e a d -z in c 50 700 35 500 28 700
Iron  ore 5 700 55 700 143 700
P hosp h ate 88 700 305 900 433 900
Potash 39 800 52 200 47 000
G lass sand 3 200 200 200 53 000
F eldspar 5 600 10 000 11 500
C oal 26 500 62 400 78 300
O th er 15 040 82 900 142 000
T ota l 729 340 1 366  900 1 802 800
Since the beginning of flotation technology early 
in this century, separations have generally been
accomplished in aerated stirred-tank reactors— 
conventional flotation cells. During the past decades, 
major design changes in the conventional flotation 
cell were with respect to aeration, agitation, and 
vessel size or shape1' 3. R  & D  efforts have been 
directed towards scale-up, and now conventional 
flotation cells of 1500 ft3 have been installed in 
some plants.
Other designs of flotation cell without agitators 
are known1'45, such as the column flotation 
system, but few are currently installed. Designs to 
accommodate the difference in bubble-attachment 
and froth-separation functions have been described, 
but little attention has been given to the design of 
fast flotation systems, and, in this regard, the 
concept of an air-sparged hydrocyclone was 
presented in 19816. Since that time, experimental 
evidence suggests that fast flotation in an air-sparged 
hydrocyclone is possible even with nominal retention 
times of less than a second.
W hen conventional flotation in a stirred-tank 
reactor is considered as a rate process, several 
important features are evident. Random motion 
between particles and bubbles results in a low 
probability for collision and attachment, especially 
for small particles with low inertia. Bubble-size 
limitations control the rate of flotation inasmuch as 
the flotation rate is frequently found to have a 
significant inverse relation with bubble size. Finally, 
considerations of air flowrate and dispersion may 
limit the rate of flotation in conventional flotation 
cells.
In the air-sparged hydrocyclone, these limitations 
have been extended to allow for fast flotation owing 
to directed particle and bubble motion in a centri­
fugal field, small bubble size, and high flowrate of 
air. The flotation rate approaches that which would
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Figure 1. Diagram of the air-sparged hydrocyclone
be limited by bubble-attachment phenomena rather 
than by collision rate or air flowrate. In essence, 
flotation separations can be achieved for retention 
times of the order of seconds rather than minutes. 
The capacity of the air-sparged hydrocyclone could 
be 50 to lOOt/d-ft3 compared with 1 to 2 t/d • ft3 for 
conventional flotation cells.
DESCRIPTION OF THE AIR- 
SPARGED HYDROCYCLONE
The basic features of the air-sparged hydrocyclone, 
shown in Figure 1, are a porous wall through which 
air is sparged and a tangential flow of slurry ortho­
gonal to the air flow. A number of different designs 
incorporating these features have been tested, and 
the preferred design is found to be a vertically 
oriented cylindrical cyclone with the slurry enter­
ing the top tangentially.
The slurry, fed tangentially through a conven­
tional cyclone header, passes through the device as 
a thin layer in a swirl flow. It travels downwards 
countercurrent to the froth phase, which moves up­
wards in the centre of the device. Hydrophilic par­
ticles are thrown to the porous cylinder wall and are 
discharged as tailings in the underflow. H ydro­
phobic particles encounter air bubbles, which are 
sparged radially through the porous wall. The high 
shear force at the wall generates small air bubbles 
and provides for intense interaction between par­
ticles and bubbles. Attachment occurs between 
hydrophobic particles and air bubbles, and the 
hydrophobic particles are transported into the froth
phase, which exists axially at the top of the cyclone 
through a vortex finder.
The thickness of the swirling layer increases as 
the multiphase fluid travels down the cylinder. If 
the constraints at the bottom of the cylinder are 
removed, this swirling layer can be easily observed. 
Increasing the rate at which slurry is fed to the 
cyclone has little effect on the thickness of the swirl­
ing layer. However, increasing the rate of air in­
jection increases this thickness dramatically, and, 
at a sufficiently high rate of air injection, the entire 
diameter near the bottom of the cylinder is filled 
with swirling fluid.
Within the layer of swirling fluid, a mass gradient 
presumably exists because of the centrifugal force 
field. The region closest to the porous wall contains 
mostly water, whereas the region near the centre 
contains mostly air bubbles. Solid particles are 
distributed within the swirling layer according to 
their density, size, shape, and interaction with air. 
Large hydrophilic particles are forced to the wall, 
while small hydrophilic particles are distributed with 
the water. Hydrophobic particles must be considered 
in terms of the mass of the particle-bubble 
aggregates.
The presumption of a mass gradient gave rise to 
the annular discharge shown in Figure 2. The point 
at which the pedestal intersects the gradient is deter­
mined by the pedestal’s diameter. Increasing the 
diameter forces more material into the overflow, 
thereby improving the recovery but lowering the 
grade of the concentrate. Conversely, decreasing the 














Figure 2. Concept of the annular discharge
FLUID-FLOW BEHAVIOUR
Studies are in progress to describe fluid-flow 
phenomena related to the performance of the air- 
sparged hydrocyclone. These studies include both 
fundamental details and practical aspects of fluid- 
flow behaviour.
Swirl flow
The basic fluid-flow feature of the air-sparged 
hydrocyclone is the swirl flow of the system. In the 
simplest case, a swirl flow of water in a right ver­
tical cylinder results in the formation of a swirling 
layer, the average thickness of which has been found 
to be relatively independent of the flowrate and 
cylinder length for the high centrifugal forces that 
are of interest7. Measurements indicate that the 
average thickness of this layer is from 2 to 3 mm 
for a cylinder of 5 cm diameter at flowrates between 
50 and 1201/min and cylinder lengths up to 30 cm. 
These experimental results are presented in Table 2.
TABLE 2
Measured swirl-layer thickness, in mm.*, for 
5 cm cylinder 
Q w (l/m in) = 2 4 ,4 Ap ( Ibf/in2) i
A xia l p osition  
d istan ce from  in let 
cm
In let pressure, lb f/in 2
5 10 15 25
13,7 2 ,0 2 ,6 2 ,5 2 ,3
18,7 2,1 3 ,0 3 ,0 3,1
2 6 ,4 1,9 3 ,0 3 ,0 2 ,2
* Accuracy estimated at ± 0 ,5  mm
Furthermore, it appears that the ratio of tangential 
to axial velocity does not change with the flowrate.
These experimental results can be predicted from 
the simple inviscid theory for swirl nozzles proposed 
by Taylor8. From the equations of continuity and 
conservation of energy and angular momentum, and 
assuming minimum energy dissipation, Taylor 
derived the following four equations:
a  = T(tf2 - r 2)Fa , 
P Vt V \ „— + —5 + —a = H„. 
P l  2g 2g p
( 1)
(2)
v tR = n ,
dQ 
dr
=  0 ,
(3)
(4)
where Q.is the volumetric flowrate, R  and r the radii 
of the cylinder and the air core, respectively, K, 
and Vt the average axial and tangential velocities, 
P  the inlet pressure, H p the total pressure head, p L 
the density of the liquid, g the gravitational constant, 
and 0 a constant. By defining a discharge coeffi­
cient, K, by
Q = K irR 2(2AP/ph)l,
and the dimensionless variables
Fa fi rx = — , y = ------, z  = —,
UP, J  R U R ’
where Up = (2AP/ph)i, Taylor’s equations reduce 
to the following9:
K = x ( l - z 2), ..................................................... (5)




For a given value of K, these three equations can 
be solved simultaneously for x, y, and z. Alternative­
ly, one can define a geometric nozzle parameter N  as
N
where R { is the radius of the inlet to the cyclone. 
Then
K  =Ny. (8)
For the case of the cylinder under investigation, 
N —0,07. Solving equations (5), (6), and (7) gives
x =0,32 '
y  = 0,85 
z  =0,90.
The predicted swirl-film thickness is therefore 0,1 R, 
or 2,5 mm for the cylinder of 5 cm diameter. This 
compares favourably with the experimentally 
measured thicknesses shown in Table 2. Also the 
predicted discharge coefficient (from Equation (8)) 
of 0,060 compares well with the experimental value 
of 0,054. M ore important, though, is the fact that 
the swirl-layer thickness and the ratio of axial to 
tangential velocities seems to be independent of the 
volumetric flowrate.
O n the other hand, Taylor’s theory does not give 
any information on the rate of decay of tangential 
velocity, nor does it accurately predict the actual 
ratio of tangential to axial velocity. A more detailed
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analysis is in progress to provide such additional 
information.
Bubble formation
Preliminary experiments on bubble formation from 
single capillaries at the wall of a 5 cm, 20° Plexiglass 
hydrocyclone have been conducted with a high­
speed motor-analyser video system (Spin Physics of 
Eastman Kodak) having a recording capability of 
up to 2000 frames per second in full-frame mode 
and up to 12 000 frames per second in split-frame 
m ode10. The param eters studied include the 
capillary size (340 and 630 /xrn), solution properties 
(density, viscosity, surface tension), and flowrate of 
air (0,1 to 1,2 ml/s). The tangential velocity of the 
fluid at the point of bubble formation has been 
measured with laser doppler velocimetry.
A simple theoretical expression for the size of the 
bubble formed has been derived. It is assumed that, 
at the high velocities of the continuous phase in the 
hydrocyclone, the detachment of a bubble from the 
capillary occurs when the centre of the bubble 
formed is displaced on its rotational path by a 
distance equal to the length of the arc with a chord 
equalling the sum of the radii of the bubble and the 
capillary. If the effect of surface tension is neglected, 
an assumption that seems to be verified from the 
experimental results, the bubble size is given by
>b = • -if ro + rb }.(D  r \
w  ( c  b)
(9)
where QA = volumetric flowrate of air,
R c = hydrocyclone radius, 
rb = bubble radius, 
rG = capillary radius,
Vx = tangential velocity of the fluid at the 
point of bubble formation.
In the case of R c> rh — r0, Equation (1) reduces to 
'3Q Jr0 + rb)l3
4Ft
The solution of the cubic equation is 
cos '^ /a*)! + 2irk'
( 10)
»b = ro (f*>cos , * = 0, 1, 2, (11a)
for (9/zj*)^< 1,
or
rb = r0(v*)± cosh costf'^/a*)^ ( lib ) ,
for (9/»*)s>l.
Equation (11) indicates that, for fixed dimensionless 
velocity v* (ratio of the air velocity to the tangen­
tial water velocity), the bubble size will be propor­
tional to the capillary size.
Typically, for water at a tangential velocity of 
2,8 m/s and for an air rate of 1,5 ml/s, the observed 
and the predicted values of the bubble diameter for 
a 340 ^.m capillary are 680 and 686 ^m , respec­
tively10. This excellent agreement justifies the 
assumption of a negligible surface-tension effect in 
the case of gas injection through small-diameter 
capillaries at these flowrates.
Practical aspects
In some respects, the air-sparged hydrocyclone 
behaves similarly to the conventional hydrocyclone. 
As expected, the capacity is related to the pressure 
drop to the one-half power7. Furthermore, water 
transport to the overflow, though much lower than 
in a conventional hydrocyclone, appears to have the 
same linear relation to the feed-water flowrate:
Q™ = a + b Q l , ( 1 2 )
where, for the given cyclone dimensions, a and b 
are dependent on the addition of frother and the 
air flowrate. The dependence on the particle size 
and pulp density has not been established complete­
ly. O f course, fine hydrophilic particles will 
distribute according to the water split, and, in this 
regard, water to the overflow has a significant im­
pact on the grade of concentrate.
Unlike water transport to the overflow, air to the 
overflow seems to be independent of the feed-water 
flowrate (50 to 100 1/min) as well as frother addi­
tion (20 to 80p .p .m .)7. In most cases, 85 per cent 
of the air is recovered in the overflow product, the 
water content of which can vary from 20 to 50 per 
cent by volume at am bient pressure. The 
dependence of air split on the total air flowrate has 
not been established.
FLOTATION PERFORMANCE
The flotation performance of the air-sparged 
hydrocyclone has been examined for coal, oil shale, 
and copper porphyry ore. The most extensive study 
has been on the copper ore, the results of which are 
summarized in this section of the paper after con­
sideration of line-coal cleaning and oil-shale flotation 
in the air-sparged hydrocyclone.
Coal
The performance of the air-sparged hydrocyclone 
is compared with the performance of both water- 
only cyclones and conventional flotation cells in 
Table 311. Although the extent of ash removal 
varies with the yield and from coal to coal, it can 
be noted that much better ash rejection from the 
finer size intervals is realized with the air-sparged 
hydrocyclone. Generally, it is reported that water- 
only cyclones are ineffective for ash and sulphur re­
jection from coals finer than 100 mesh.
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Comparison of coal-cleaning efficiency of the air-sparged hydrocyclone 
(A.S.H.)  with conventional coal technologies
TA BLE 3
A sh  rem oval
15 cm  A.S.H.
P article W ater-on ly S in g le-stage B eaver L ow er
size cyclon e flotation Illino is no . 6 C reek K itta n in g
m esh % % % % %
2 8 -1 0 0 6 0 -6 5 5 0 -6 0 7 7 -8 6 84 71
1 0 0 -2 0 0 4 0 -4 5 4 0 -4 5 5 9 -6 8 70 40
2 0 0 -3 2 5 1 5 -1 8 4 0 -4 5 4 4 -6 2 77 43
< 3 2 5 0 - 5 5 0 -5 5 5 7 -6 7 81 54
Typical performance of the air-sparged hydro­
cyclone with respect to the particle size is shown in 
Figure 3. It is noted that the recovery is reduced 
at coarser particle sizes. Nevertheless, good ash 
removal is realized at all particle sizes except the 
fraction smaller than 400 mesh. Contamination of 
the clean coal with ash from that fraction results 
from the transport of fine hydrophilic particles by 
water into the froth phase.
M ean size, /im
Figure 3. Yield, clean-coal ash content, and reject ash 
content as functions of the particle size for the 
15 cm air-sparged hydrocyclone
Also, good rejection of pyritic sulphur from a 
high-sulphur Midwestern coal has been realized. 
Air-sparged hydrocyclone flotation of the coal 
smaller than 28 mesh, which has a pyritic sulphur 
content of about 3,0 per cent, was equivalent to the 
flotation results obtained with bench-scale flotation 
in a conventional cell in which a 65 per cent rejec­
tion of pyritic sulphur was achieved.
Oil shale
A preliminary study of oil-shale concentration by
flotation in an air-sparged hydrocyclone has been 
reported12. Oil shale is an intimate mixture of
organic material—kerogen—with inorganic shale 
minerals and is being considered as a possible energy 
resource. Grinding to 10 micrometres is frequent­
ly required to achieve a satisfactory level of libera­
tion. The flotation separation efficiency of such fine 
particles with an air-sparged hydrocyclone has been 
shown to be equivalent to that obtained with a con­
ventional flotation cell.
Copper porphyry ore
The most extensive study of the air-sparged 
hydrocyclone has been the flotation response of a 
low-grade copper porphyry (Cu at 0,7 per cent) with 
a 5 cm air-sparged hydrocyclone as a function of 
both the operating and design variables13. The ore 
was typical flotation-plant feed, 80 per cent pass­
ing 65 mesh. A typical flotation reagent schedule 
was selected, with the exception that a higher frother 
level and addition of fuel oil improved both the 
recovery and the concentrate grade.
The influence of the slurry feed rate on the 
recovery of copper as a function of the particle size 
is presented in Figure 4. As indicated, recoveries 
higher than 80 per cent can be obtained for par­
ticles less than 100 micrometres in diameter, ap­
proaching 100 per cent for particles in the interval 
150 to 400 mesh. The recoveries drop off quickly
M e a n  p a rtic le  size, /im
Figure 4. Effect of the slurry feed rate on the copper 
recovery as a function of the particle size
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for particles larger than 100 micrometres and rather 
slowly for particles smaller than 400 mesh. As the 
slurry feed rate is increased, so increasing the cen­
trifugal force within the cyclone, the recovery curve 
shifts to the left, the recoveries being lower for large 
particles and higher for fine particles. The copper 
recovery for particles larger than 400 mesh increases 
with an increase in cyclone length up to an L/D ratio 
of 15:1, but the recovery of copper for particles 
smaller than 400 mesh appears to be independent 
of the cyclone length.
The experimental data indicate that increasing 
the centrifugal force effectively breaks down the in­
teraction between large particles and bubbles. Par­
ticles are stripped off the bubble surface, and the 
recovery is reduced, regardless of the air flowrate. 
Conversely, an increased centrifugal field enhances 
the recovery of fine particles. This can be explained 
in terms of a decrease in the bubble size with an 
increased flowrate and an increase in inertia for the 
particles, leading to an increased collision efficien­
cy. The increase in recovery for fine particles shown 
in Figure 4 is not due to an increased water split, 
since the fraction of water reporting to the overflow 
actually decreased with increasing slurry feed rate.
An interpretation of these results can also be based 
on the work of Schubert14 concerning the influence 
of turbulence in flotation. According to Schubert’s 
observations, the flotation of large particles requires 
low levels of turbulence. Hence it would be expected 
that the recovery of large particles would be 
diminished as the slurry feed rate (and thereby the 
level of turbulence) is increased. O n the other hand, 
Schubert indicates that the flotation of fine particles 
requires a high degree of turbulence to maximize 
collisions between particles and bubbles. Here again 
the experimental results follow the expected pattern.
The effect of increased slurry feed rate on the 
overall copper grade is presented in Figure 5. The 
grade of all particle-size intervals, except the coarse 
sizes, is enhanced with increased centrifugal force. 
This can be regarded as a centrifugal cleaning 
action. Hydrophilic particles, physically entrained
Me a n particle size,  f im
Figure 5. Concentrate grade as a function of particle size 
for various slurry feed rates
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in the froth phase, are stripped away by the centri­
fugal forcc and thrown against the porous wall to 
report to the underflow. The optimal centrifugal 
force (or slurry feed rate) is one that balances the 
rupture of attachments between hydrophobic par­
ticles and bubbles with the cleaning action on 
misplaced hydrophilic particles. Interestingly, it is 
the size fractions that are the most easily recovered 
which display the highest grades.
Experiments were performed to determine the ef­
fect of pulp density with cell lengths of 68 and 97 cm. 
The pulp density ranged from 5 to 30 on the basis 
of mass percentage of solids. The slurry feed rates 
ranged from 48 to 67 kg/min while the air flowrate 
was held constant at about 200 1/min. A pedestal 
diameter of 4,32 cm was used. The results are 
presented in Figure 6. As indicated, the copper 
recovery did not decrease with increasing pulp den­
sity. On the contrary, the recovery of particles both 
larger and smaller than 400 mesh showed an in­
crease with increasing solid content, other variables 
being held constant. However, the overall copper 
grade of the concentrate decreased from between 
6 and 8 per cent at 5 per cent solids to between 2 
and 3 per cent at 30 per cent solids.
Sol ids in feeri. %
Figure 6. Influence of solids in the feed on the copper 
recovery for coarse and fine particles
These results indicate that reasonably high pulp 
densities (20 to 30 per cent by mass of solids) should 
not limit the performance of the air-sparged 
hydrycyclone. A high solid content appears to in­
crease the thickness of the swirl layer against the 
porous wall and thereby, at a fixed pedestal size, 
force more material into the overflow stream. This 
would explain the drop in the concentrate grade. 
In addition, the results could be interpreted in terms 
of a turbulence damping effect associated with in­
creased amounts of small particles. Thus the 
recovery of large particles would be expected to in­
crease. The increase in the recovery of fine particles 
could be attributed to an increased water split.
Copper porphyry ores frequently carry molyb­
denum and gold values, which are recovered as
TA BLE 4
Comparison of flotation response for copper and molybdenum by 
particle size •
Slurry feed rate = 5 1 ,6  1/m in P edesta l d iam eter  = 4 ,5  cm
A ir  flow rate = 178 1/m in C y lin d er d iam eter  = 4 ,7  cm
F rother con cen tration  = 80  p .p .m . C y lin d er len gth  = 4 0 ,6  cm
P article size  
in terval 
m esh
C op p er M o ly b d en u m
G rade, % R eco v ery
%
G rad e, % R eco v ery
%O F U F O F U F
> 1 0 0
1 0 0 -2 0 0
2 0 0 -4 0 0
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OF = Overflow  
U F = Underflow
byproducts. Both of these components are recovered 
with the air-sparged hydrocyclone at an efficiency 
comparable with that observed for copper. For 
example, Table 4 presents a side-by-side comparison 
of copper and molybdenum recovery as a function 
of the particle size for a particular annular-discharge 
experiment. It can be seen that the molybdenum 
recovery was substantially higher than the copper 
recovery in the two coarsest size intervals, about the 
same in the interval between 200 and 400 mesh, 
and somewhat lower for material smaller than 400 
mesh. The overall molybdenum recovery was equal 
to the overall copper recovery.
The performance of the air-sparged hydrocyclone 
is compared with the performance of a continuous 
conventional flotation cell as shown in Figure 7. The 
recovery as a function of the retention time (log
No mi n a l  retent i on t i me.
Figure 7. Comparison of recoveries with the air-sparged 
hydrocyclone as a function of the retention time 
with those predicted for conventional continuous 
flotation based on batch tests
scale) vividly demonstrates the significant difference 
in flotation rate and accounts for the high capacity 
of the air-sparged hydrocyclone.
Figure 8 completes the comparison by presenting 
grade and recovery curves for the air-sparged 
hydrocyclone and for conventional flotation cells. 
The air-sparged hydrocyclone gives grades that are 
comparable with those obtained with conventional 
flotation. However, it should be noted that industrial 
operations achieve Cu grades in the range of 15 to 
20 per cent at recoveries exceeding 80 per cent for 
rougher flotation by using several cells in each bank. 
This arrangement has not yet been tested for air- 
sparged hydrocyclones.
G rade o f  copper, m ass %
Figure 8. Comparison of grade-recovery curves for 
conventional continuous cells with experimental 
data from the air-sparged hydrocyclone
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ECONOMIC ANALYSIS FOR 
FLOTATION OF COPPER 
PORPHYRY ORE BY AIR- 
SPARGED HYDROCYCLONE
A preliminary economic analysis is useful in deter­
mining whether new processes are feasible and, if 
so, which variables are economically significant. 
Besides identifying areas where information is lack­
ing, the analysis can direct research towards reduc­
ing the projected costs.
W ith this in mind, a preliminary economic 
analysis was performed for the air-sparged 
hydrocyclone as an alternative to conventional froth 
flotation15. The concentration of a low-grade cop­
per porphyry ore was selected for study because of 
the abundance of available technical data, for both 
conventional and air-sparged-hydrocyclone flotation. 
The variables of interest included the cyclone size, 
consumption of compressed air, and slurry density 
(percentage solids).
The calculation of the size of an air-sparged 
hydrocyclone requires scale-up relations. At present, 
these relations do not exist; but some educated 
guesses can be made. Under the assumption that 
the air-sparged hydrocyclone behaves similarly to 
a conventional hydrocyclone (evidence supporting 
this assumption includes the form of the equation 
connecting pressure drop and capacity, the shape 
of the classification curves, and the influence of the 
flowrate on the cut-size), it can be argued that the 
scale-up equations for a conventional hydrocyclone 
are applicable to the air-sparged hydrocyclone. 
Moreover, it seems logical to propose cut-size 
equivalence as the scale-up criterion, since the cut- 
size reflects the centrifugal forces present in a 
cyclone. A review of the literature15 shows that 
size-capacity equations for a conventional cyclone 
have the form
0 * 0 ' ,  ............................................................ (13)
where Q is the volumetric flowrate and D  the 
diameter of the cyclone. The exponent n usually 
ranges from 2,5 to 3,1. As a conservative estimate, 
n was taken to be 2,5. The next step in scale-up in­
volves estimating the operating pressures. If the cut- 
size is held constant, the pressure of the cyclone must 
be increased as the cyclone diameter is increased. 
It is commonly accepted16 that
.............................................................  ( 14)
Substituting Equation (13) into (14) with « = 2,5 
shows that AP  is directly proportional to the 
diameter. This result leads to the expectation that 
the size of air-sparged cyclones will probably be 
limited by pressure constraints.
To determine the relative economic advantages 
of the air-sparged hydrocyclone, the installed cost 
and energy consumption for four conceivable air- 
sparged-hydrocyclone circuits were estimated. These 
costs and energy consumptions were then compared
with those of a conventional flotation circuit. A com­
plete economic analysis including a return-on- 
investment computation was not performed, because 
of the lack of data on the maintenance costs 
associated with the porous walls of air-sparged 
hydrocyclones. Estimates of the installed costs were 
derived from the costs of purchased equipment taken 
from vendors and the literature17’1*5 multiplied by 
material and labour factors19. These costs do not 
contain indirect costs, contingencies, or contractors’ 
fees. Also, costs associated with plant buildings were 
not included.
The material balance and equipment list of the 
conventional flotation plant were taken from the 
literature19, with the following exceptions:
•  ten-minute (as opposed to twelve-minute) resi­
dence times were assumed for rougher and sca­
venger circuits,
•  1500-cubic-foot flotation cells were used for 
rougher and scavenger circuits with 1200-cubic- 
foot and 1000-cubic-foot cells for cleaners, and
•  the power consumption was estimated at 0,06 in­
stalled horsepower per cubic foot of cell for the 
rougher and scavenger cells, and 0,07 for the 
cleaner cells.
The assumed material balance and circuit con­
figuration corresponding to this conventional flot­
ation alternative are represented schematically in 
Figure 9. The material balance for the air-sparged- 
hydrocyclone circuit was based on experimental data 
obtained in a cyclone of 5 cm diameter operated with
Plant feed
Final tailings ' -
Key: Dry solid, t/h '
M ass percent solid, %
Copper grade, %
Figure 9. Assumed material balance and circuit 
configuration for the conventional flotation base 
case
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an underflow-collection sum p13. In  these ex­
periments, feed slurry at 20 per cent solids was in­
jected at 6 to 81bf/in2. The overflow product con­
tained about 80 per cent of the feed copper at a cop­
per grade of 7 per cent. The underflow discharged 
into a sump in which these formed a froth product 
containing an additional 10 per cent of the feed cop­
per. This material, termed a secondary concentrate, 
corresponds to a scavenger concentrate. The full- 
scale air-sparged cyclone circuit was designed to 
follow these tests, as shown in Figure 10.
Three different sets of operating conditions of the 
air-sparged hydrocyclones were considered. In the 
first set, the units would be operated at a slurry- 
feed pressure of 60 lbf/in2 and an air pressure of 
401bf/in2. The normal experimental conditions 
have been in the range of 10 and 301bf/in2, respec­
tively. The cyclone diameter was specified at 20 
inches, requiring air at 1,5 1/min for every 1/min 
of slurry. In the second set, the slurry-feed pressure 
was reduced to 301bf/in2, at the same air pressure 
(401bf/in2). Finally, in the third alternative con­
sidered, the air pressure was also decreased to
20 lbf/in2.
Estimates of the capital costs and installed power 
requirements for the conventional plant and the 
three air-sparged hydrocyclone alternatives are 
presented in Table 5 as percentages of the total con­
ventional plant value.
vey: Dry solid, t/h 
Mass percent solid, 
Copper grade. %
Final tailings
Figure 10. Assumed material balance and circuit 
configuration for the air-sparged hydrocyclone 
alternative
TABLE 5
Summary of preliminary economic analysis 
(values given as per cent of conventional case)
C on v en tio n a l A ir-sp arged  hydrocyclones^
flotation* C ase 1 C a se  2 C ase 3
C ap ita l c o s tl
R ou gh ers 42 19 25 25
S caven gers 40 5 7 7
C lean ers 9 16 16 16
P um ps 9 17 26 26
C om p ressor - 8 8 5
T ota l 100 65 82 79
Installed  horsepow ers
R ou gh ers 41 - - -
S caven gers 38 5 7 7
C leaners 8 15 15 15
P um ps 13 66 42 42
C om p ressor - 11 11 6
T o ta l 100 97 75 70
* Based on material balance given in: ARBITER, N ., et al. Conceptual design 
of flotation circuits. M IN E R A L  PROCESSING P L A N T  DESIGN. Mular, A .L ., 
and Rhappu, R.B. (eds.). New York, AIME, Society of Mining Engineers, 1980. 
pp. 447-465.
t Based on material balances extrapolated from experimental data (see Figure 10). 
Case 1: 6 0 lbf/in2 slurry-feed pressure, 4 0 lbf/in2 air pressure.
Case 2: 30 lbf/in2 slurry-feed pressure, 401fb/in2 air pressure.
Case 3: 3 0 lbf/in2 slurry-feed pressure, 2 0 lbf/in2 air pressure.
X Purchased equipment cost times material and labour factor as defined in: 
G U TH R IE, K .M . Capital cost estimating. Chem. Eng. (Albany), vol. 76. Mar. 
1969. pp. 114-142.
§ Based on 0,06hp/ft3 for rougher and scavenger cells, 0 ,07hp/ft3 for cleaner 
cells. A.S.H. feed pump power estimated from flow and twice the A.S.H. feed 
pressure.
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As indicated, even under the extreme assumed 
conditions of Case 1 (60lbf/in2 slurry pressure and 
401bf/in2 air pressure), a saving of 20 per cent in 
the capital cost is to be cxpected when compared 
with conventional flotation. The air-sparged 
hydrocyclone being a high-capacity device, these 
savings result from a lower investment in the 
rougher and scavenging units. Any savings in floor 
space were not included in the analysis. In Case 2, 
a slighdy higher capital cost is projected because of 
the decrease in the processing capacity at lower in­
let pressures. In Case 3, additional savings result 
from the reduced expected consumption of air. In 
terms of operating cost—examined here on the basis 
of the expected consumption of energy—the air- 
sparged hydrocyclone also appears to be quite at­
tractive. For the first case, the cost of the energy 
is almost equal to the cost in conventional flotation. 
However, for the more optimistic cases, savings up 
to 30 per cent are to be expected.
Although the results shown in Table 5 represent 
a large number of assumptions (believed to be con­
servative assumptions), it can be concluded that an 
air-sparged-hydrocyclone circuit could be cost ef­
fective. Future research into the optimization and 
scale-up of air-sparged hydrocyclones is therefore 
justifiable.
SUMMARY
The fast flotation of fine particles with the air- 
sparged hydrocyclone has been demonstrated for the 
concentration of coal, oil shale, and copper porphyry 
ore. The experimental results indicate that the 
separation efficiency is comparable with that ob­
tained by conventional flotation. Most significantly, 
capacities of 50 t/(d -ft3) could be expected for the 
air-sparged hydrocyclone compared with 1 t/(d * ft3) 
for conventional flotation cells. Economic analysis 
suggests that air-sparged hydrocyclones are poten­
tially cost effective for the flotation of copper por­
phyry ore.
Fundamental studies of swirl flow and bubble for­
mation will provide additional insights into the im­
proved design and operation of the air-sparged 
hydrocyclone. From the inviscid theory for swirl 
nozzles, the thickness of the swirl layer in a right 
vertical cylinder, such as is used in the air-sparged 
hydrocyclone, is expected to be of the order of 0,1 
times the cylinder radius. Studies of bubble form­
ation in swirl flow continue to provide information 
regarding the effect of fluid flow on the relation be­
tween bubble size and pore size. Depending on the 
ratio of the air velocity to the water velocity, the 
bubble size may be larger than or less than the pore 
size.
Particle-bubble attachment and transport to the 
froth phase involve complex phenomena, including:
•  centrifugal force field—increased particle and
bubble inertia— ,
•  the generation of numerous small air bubbles by
high shear force at the porous wall surface,
•  directed rather than random interaction of par­
ticles with the freshly formed air bubbles at the 
porous wall surface, and
•  the transport of particle-bubble aggregates a 
short distance through the layer of slurry in swirl 
flow into the froth phase.
These contribute to the rapid flotation of fine 
hydrophobic particles. In the hydrocyclone’s cen­
trifugal field, the slurry, in swirl flow, encounters 
the radial flow of air through the porous cylinder 
wall. The high shear forces at this surface generate 
numerous small bubbles and provide for directed 
particle-bubble interaction. Aggregates of hydro­
phobic particles and air bubbles are transported 
through the thin film of slurry into the froth phase, 
which moves countercurrent to the pulp and exists 
axially in the overflow. The hydrophilic particles 
remain in swirl flow and exit in the underflow at 
the bottom of the air-sparged hydrocyclone.
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